Abstract
Western-diet consumption induces alteration of barrier function mechanisms in the 1
ileum, that correlates with metabolic endotoxemia in rats. Introduction aminotransferase activity (ASAT) and alanine aminotransferase activity (ALAT) measurements were 155 performed on a Roche/Hitachi system using adapted kits (Cobas analyzer, Roche Diagnostic, Meylan, 156
France) and kindly performed by Dr Nicolas Collet from Pontchaillou Rennes CHU, Biochemistry 157
Laboratory. 158
Serum endotoxemia was determined using the LAL assay in kinetic chromogenic conditions 159 (Associate of Cape Cod) as previously described (44). 160
161

Histology 162
Mesenteric fat samples and liver were embedded in paraffin and cut in 10μm and 3µm sections 163 respectively. Sections were then stained with hematoxylin and eosin. Mesenteric fat sections were 164 examined under a light microscope (Nikon DS-Ri2) and images were taken at 100x magnification 165 using NIS-Elements software. The area of adipocytes was measured with ImageJ 1.50i digital imaging 166 processing software. Images from liver sections were randomly taken at 20x magnification under a 167 light microscope (Nikon DS-Ri2). Image analysis using dedicated software (NIS-Elements AR3.0 168 software, Nikon Instruments) was performed to automatically detect lipid droplets and quantify their 169
surface. 170
Ileum and colon samples were embedded in paraffin and cut in 5-µm sections. Both sections were then 171 stained with periodic acid-Schiff-alcian blue (PAS/AB) and examined under a light microscope 172 (Nikon ECLIPSE E400; Nikon Instrument) equipped with image analysis software. Villi length, crypt 173 depth and goblet cell (GC) number were measured and counted in 20 well-oriented crypt-villus units. 174
Presence of mucus in the lumen was scored visually from 0 to 2, 0 being no staining of mucus in the 175 lumen and 2 large staining of mucus in the lumen. All the measurements were performed blinded for 176 dietary group. 177
178
Triglycerides liver analysis 179
Liver lipids were extracted from 100 mg of liver tissue by the Folch method using chloroform and 180 methanol. Triglycerides contents were then determined by colorimetric method according to 181 manufacturer's recommendations (Triglyceride Quantification Assay Kit, Abcam, Cambridge, UK). 182
Tissue RNA extraction and quantitative RT-PCR 184
Total RNA from ileal, caecal and liver samples was extracted via the Trizol method (15596-018; 185
Thermofischer Scientific) and quantified using a spectrophotometer (Denovix, Wilmington, DE, 186 USA). 2μg RNA was converted to cDNA using a High Capacity Complementary DNA Reverse 187
Transcription Kit (Applied Biosystems, Foster City, CA, USA) following manufacturer's protocol. 188
Real-Time PCR was performed with the StepOnePlus real-time PCR machine using SyberGreen 189 master mix (Fischer Scientific) for detection. Primers for selected genes (Table 1) were designed using 190
Integrated DNA Technologies Primer Quest. HPRT-1, GAPDH and Actin were used as housekeeping 191 genes, using their mean Ct. 192
193
Microbial DNA extraction and quantitative RT-PCR 194
Total DNA was extracted from caecal luminal contents using the ZR Fecal DNA MiniPrep kit (Zymo 195 Research, Irvine, CA, USA). Then, DNA was quantified using a spectrophotometer (Denovix). Time PCR was performed with the StepOnePlus real-time PCR machine using SyberGreen master mix 197 for detection. Primers for selected 16S genes specific to each phylum are recapitulated in Table 1 . 198
Universal 16S rRNA was used to normalize data. 199
200
Statistical analysis 201
Statistical analysis was performed on Graphpad Prism software (v5, San Diego, CA, USA) and data 202 are expressed as means ± SEM. Data were analyzed using two-ways ANOVA testing diet, feeding 203 pattern and diet X feeding pattern, with Bonferroni post hoc tests. For body weight and food intake 204 analysis, diet, feeding pattern, time, diet X feeding pattern effects were analyzed by ANOVA using R 205 software. P<0.05 was considered significant. Correlation analysis between data was performed using 206 Graphpad Prism. 207
208
Results
210
Six weeks WD feeding results in mild obese phenotype, irrespective of initial caloric intake 211
WDal rats had a greater energy intake during the first week of the dietary intervention (Fig 1A) while, 212 as designed, WDpf rats had comparable energy intake than Cal rats thus avoiding the WD-induced 213 first week hyperphagia (Fig 1A) . From week 2 to 6, C animals ate slightly more calories than WD rats 214 (diet effect P=0.049, Fig 1B) . 215
Western diet-fed rats exhibited greater weight gain (diet P=0.004) compared to C rats, irrespective of 216 the first week energy intake ( Fig 1C) . They exhibited marked adiposity with a 1.5-fold greater 217 adiposity index compared to C animals, irrespective of initial food intake (diet P<0.0001, Fig 1D) . 218
This enhanced adiposity was due to elevated mesenteric, retroperitoneal and epididymal fat pad 219 weights (data not shown). Six weeks of WD increased mesenteric fat adipocyte average surface (diet 220 P = 0.011, Fig 1D) . 221
Hepatic steatosis was evaluated by quantification of lipid droplet surface on histological slides and 222 quantification of liver triglyceride content. Serum levels of ALAT and ASAT were used to evaluate 223 hepatic function. WD rats exhibited increased presence of lipid droplets, mainly macro-vesicular as 224 observed visually (P=0.039, Fig 1F) . This was confirmed in WD rats by greater liver triglycerides 225 content than C rats (diet P <0.0001, Fig 1G) . ASAT serum levels were increased in WD-fed rats (diet 226 P=0.022, Fig 1H) . ALAT concentrations were not influenced by diet (Fig 1I) . 227 DIO is characterized by chronic low grade inflammation likely originating from the intestine and 228 spreading to other tissues (20). Therefore, we measured mRNA levels of the pro-inflammatory 229 cytokine IL1-β in the ileum, caecum and liver. Six-week WD consumption significantly increased il-230 1β mRNA level in the caecum, but not in the ileum (Table 2) . Hepatic il-1β mRNA levels were not 231 different between WD and C fed rats. 232
233
Six weeks WD feeding induces metabolic endotoxemia 234
Endotoxemia evaluated by serum LPS was not significantly different between dietary groups (Fig 2A) . 235
Yet, WDpf animals displayed high heterogeneity in serum LPS with values ranging from 0.02 to 25.85EU/mL.We measured serum LBP concentration, the main LPS circulating transporter considered as 237 marker of hepatic exposure to LPS and thus metabolic endotoxemia. WD-fed rats exhibited a 3.3-fold 238 increase (diet P=0.003, Fig 2B) in LBP serum concentration relative to C rats, irrespective of initial 239 energy intake. This increased exposure of the liver to LPS was confirmed by greater hepatic lbp 240 mRNA level in WD-fed animals compared to C rats (diet, P=0.006, Fig 2C) and significant correlation 241 between lbp mRNA level and serum LBP concentration (r=0.742 and P<0.0001, Fig 2D) . 242
243
Six week WD feeding modifies microbiota composition 244
Obesity is associated with alteration in intestinal bacterial composition that might result in increased 245 LPS-bearing Gram negative bacteria abundance in the lumen. We therefore seek to evaluate the level 246 of the major phyla present in the caecum. Levels of Bacteroidetes (Fig 3A) , Firmicutes ( Fig 3B) and 247
Proteobacteria (Fig 3C) in caecal content were not altered by 6-week WD consumption, irrespective of 248 the initial energy intake. However, WD fed rat exhibited significantly greater Verrucomicrobia levels 249 in the caecum (+237%, diet P=0.004, Fig 3D) , irrespective of the initial energy intake. Due to 250 technical problems, we were not able to amplify Actinobacteria phylum and we used the genus 251
Bifidobacterium as a representative of this phylum. Bifidobacteria levels were increased by 760% in 252 WD animals (diet P=0.001, Fig 3E) , irrespective of the initial energy intake. 253
254
Six week WF feeding profoundly affects ileal barrier function 255
Mucus secreted by GC is the first line of defense of the intestinal mucosa, limiting the presence of 256 noxious molecules such as LPS on the apical side of epithelial cells. We therefore evaluated the 257 number of GC in ileal and large intestinal mucosa using PAS/AB staining that colors mucins. In the 258 ileum, the number of GC per villus or per crypt was reduced in WD rats (diet P<0.001, Fig 4A-B) with 259 a tendency for a more pronounced reduction in WDpf rats (WDal vs WDpf P=0.07 in villi and 260 P=0.056 in crypts). Since villi length, but not crypt depth, was decreased in WD-fed rats, irrespective 261 of initial energy intake (data not shown), we calculated a number of GC / µm of villus or crypt to 262 ensure that the reduction in GC number observed was not due to reduced villi size. In both villi andcrypts, the number of GC/µm was reduced by WD feeding (diet P<0.001, Fig 4C-D) , with more 264 pronounced effect in WDpf rats (Fig 4C-D) . 265 PAS/AB staining also revealed large quantity of mucus in the ileal lumen of WD-fed rats (Fig 4E) that 266 was quantified by scoring the presence (highest score) or absence (lowest score) of this luminal 267 mucus. WD-fed rats exhibited a significantly greater score (diet P<0.0001, Fig 4F) than C rats, 268
indicative of large amount of unorganized mucus in the lumen. WDpf rats had an even greater 269 presence of mucus in the lumen compared to WDal (Fig 4F) . 270
In the large intestine, no significant difference in colonic number of GC was observed between WD 271 and C fed animals (data not shown). No mucus secretion in the lumen was noticed. 272
273
IAP is a brush border enzyme that dephosphorylates LPS, thus limiting its endotoxin activity. 274
Ingestion of WD diet, irrespective of initial hyperphagia, dramatically increased IAP activity in both 275 ileum and caecum (diet effect P=0.008 and P<0.0001, respectively, Table 3) . 276
Ileal mucosa is also endowed with anti-microbial peptides (AMPs) secreted mainly by Paneth cells 277 into the lumen, including regenerating family member (Reg)3-β specifically targeting Gram-negative 278 bacteria (70). WD-fed rats exhibited a 3.3-fold decrease in ileal reg3-β expression after 6 weeks of diet 279 compared to C rats (diet P=0.009, Table 3 ). We also measured the ileal gene expression of non-LPS 280 specific AMPs: Reg3-γ, defensin 1 (DEFA-1), lysozyme C (LYZC) and group IIA phospholipase A2 281 (PLA2). Similarly to reg3-β, reg3-γ mRNA level was decreased in WD-fed rats relative to C rats (diet 282 effect P=0.003). On the opposite, lyzc, defa-1 and pla-2 gene expressions were not influenced by the 283 diet (Table 3) . . 284
285
Intestinal passage of LPS was evaluated ex vivo in both ileum and caecum using Ussing chambers. 286
Irrespective of initial energy intake, WD consumption induced a 1.5-fold increase in ileal LPS flux in 287 WD-fed rats compared to C rats (diet P=0.027, Fig 5A) . LPS flux across the caecum of WDal rats was 288 not different from that of C rats (Fig 5B) . However, WDpf rats exhibited a 2.2-fold increase in caecal 289
LPS flux compared to WDal rats (Fig 5B). Paracellular and transcellular permeability measured by 290
conductance and HRP flux, respectively, were also increased in the ileum of WD rats compared to C 291 ones, irrespective of the initial energy intake (diet P=0.04 and diet P=0.02, respectively, Fig 5 C 
-E). 292
No differences were observed in caecal paracellular and transcellular permeability between WD and C 293
animals (Fig 5 D-F) 294
Intestinal barrier function was also assessed by measuring the gene expression of several tight 295 junction proteins (ZO-1, Claudin-1 and-2, occludin) and of MLCK, involved in myosin light chain 296 phosphorylation and tight junction opening. Occludin mRNA level was 1.5-fold lower (diet P=0.003, 297 Table 4 ) and that of claudin-2 tended to be also lower (diet, P=0.07, Table 4) in the caecum of WD 298 rats compared to C ones. Diet did not impact the expression of the other tight junction proteins and 299 MLCK in the caecum or in the ileum (Table 3) . 300
301
Hepatic LPS detoxification protein and enzymes 302
Hepatic gene expression of the two majors enzymes involved in liver LPS detoxification, AOAH and 303
ALPL, was not influenced by diet, nor was that of SCARB-1, a scavenger receptor involved in LPS 304
endocytosis from circulation into Kupffer cells (Table 5) . Proteobacteria level (P=0.013, Fig 6A&D) and hepatic aoah mRNA levels (P=0.007, Fig 6A&E) . Fig 6A&K) . 318
Discussion
320
Despite the numerous intestinal and hepatic mechanisms limiting the entry and dissemination of gut-321 derived LPS into the systemic circulation, low, yet significant, amounts of LPS are found in the 322 plasma of obese people, leading to low grade inflammation. We hypothesized that one or several of 323 these mechanisms are impaired during DIO, resulting in elevated endotoxemia. In our model of mild 324 obesity induced by 6 weeks of WD feeding, we observed disrupted ileal gut barrier function as 325 demonstrated by reduced AMPs level, increased ileal IAP activity, altered mucus secretion and 326 increased LPS flux across the ileum. The caecum barrier function was less altered, except in WDpf 327 rats which exhibited increased passage of LPS. We also observed alteration of the gut microbiota with 328 WD feeding but hepatic detoxification mechanisms were poorly affected at this stage of obesity. 329
Correlation of all these data highlighted ileal defects as key drivers of metabolic endotoxemia. 330 331 Western-diet feeding in our model resulted in a mild obesity phenotype with greater weight gain, 332 adiposity and enlargement of adipocytes compared to C rats but few metabolic consequences since the 333 liver was only slightly affected by the diet. Indeed, we observed increased accumulation of 334 triglycerides and of lipid droplets in the liver without reaching the level of steatosis defined as >5% of 335 liver tissue section. We also observed a slight increase (+25%) in serum ASAT but not in ALAT and 336 no signs of hepatic inflammation as documented by similar IL-1β gene expression in C and WD rats. 337
Altogether, this suggests only few hepatic disturbances at this stage of obesity. On the other hand, 338 caecal il-1β mRNA level was increased in WD rats. High-fat diet-induced intestinal inflammation 339 precedes and correlates with later obesity and insulin resistance in mice (20). This reinforces the fact 340 that our model is a mild obesity model with only initial intestinal inflammation that has not spread to 341 the rest of the body yet. 342
Serum LPS concentration was not significantly increased in our WD-fed animals. However, they 343
exhibited hepatic LPS exposure as demonstrated by increased hepatic lbp mRNA levels and serum 344 LBP concentrations. LBP is an acute-phase protein synthesized in the liver in response to LPS (36). 345
Considering that LPS has a short half-life and that LBP represents the innate immune responsetriggered by LPS, serum LBP concentration is an indirect way to evaluate circulating LPS and is now 347 considered as a good marker of metabolic endotoxemia (5, 27, 41, 73). The reason why we were not 348 able to observe increased serum LPS in WD-fed rats is unknown but might be related to the stage of 349 mild obesity of our rats whereby the multiple factors usually neutralizing LPS 
parameters at week 6 were not dependent on initial energy intake. Despite the absence of significant 357 difference in serum LPS between WD and C-fed rats it is noteworthy that the WDpf group presented a 358 large variability in serum LPS levels. In rodents, it is usual to observe variability in response to WD 359 feeding (46, 79). Elucidating why some of these animals exhibited such variability was beyond the 360 scope of this study. Yet we noticed that WDpf rats exhibited elevated LPS flux across the caecum, in 361 addition to the increased ileal LPS flux and a more pronounced alteration GC and mucus physiology. 362
The early hyperphagia seen in WD fed rats when they are switched from chow to WD is probably due 363 to the increased palatability of the diet (69, 77). Recently, it was demonstrated that this early phase of 364 hyperphagia is characterized by transient hepatic steatosis, inflammation and glucose intolerance that 365 resolve before a second phase of metabolic disorders appears after prolonged WD consumption (45, 366 76, 77). Unlike in the adipose tissue or the liver, one-week WD ad libitum consumption does not 367 trigger intestinal damages or inflammation in the ileum or caecum of rodents (27, 31). On the contrary, 368 eosinophil depletion has even been observed during the first few days of high-fat diet consumption in 369 mice (31). Our WDpf rats exhibited increased caecal il-1β mRNA compared to WDal and C rats at 1 370 week (personal communication), suggesting that hyperphagia is necessary to maintain gut homeostasis 371 on the short term and that the natural early hyperphagia triggers signals that limit inflammation and 372 gut barrier dysfunction also on the long-term. Yet, further research is needed to understand this early 373 priming effect. 374
Anti-microbial peptides and mucosal enzymes, secreted by Paneth cells and enterocytes protect against 376 microbial attachment and invasion and participate to the regulation of the gut barrier function(8, 62). 377
Enterocytes also secrete IAP, a gut mucosal protein that detoxifies LPS which is then unable to trigger 378 TLR-induced inflammation (39). There is conflicting evidence regarding how the intestine adapts its 379 mucosal defense i.e. AMPs secretion and IAP activity, to WD feeding. We showed that 6-week WD 380 feeding led to the reduction of Reg-3β and γ ileal gene expression, yet, upregulated ileal and caecal 381 IAP activities. Although DIO-induced reduction in AMPs secretion is widely accepted in the literature 382 (19, 22, 23) , the beneficial purpose of this decreased bacterial degradation capacity remains unclear 383 since Reg3-γ deficient mice exhibit elevated inflammatory responses to commensal and enteric 384 pathogen (47). Moreover, Reg3-γ promotes bacterial segregation (68); hence the decreased AMPs 385 expression might lead to increased proportion of Gram-negative bacteria close to the enterocytes. On 386 the other hand, the increased IAP activity in DIO which has also already been described (49, 64, 80) is 387 probably intended to reduce toxic LPS activity within the gut wall. The beneficial effect of IAP on 388 WD-induced endotoxemia has been revealed using mice deficient for IAP that exhibited greater 389 endotoxemia and obesity compared to wild type animals after WD feeding (33). However, this 390 upregulation might be specific to dietary intervention duration or intestinal section since opposite 391 results have also been described with either longer or shorter duration of WD consumption (17, 30). 392
Interestingly, increased IAP activity in the ileum and to a lesser extent in the caecum was one of the 393 main factors correlating positively with serum LPS and LBP. This positive correlation seems counter-394 intuitive as greater IAP activity should result in lower level of LPS in the mucosa, thus lower levels of 395 serum LPS and LBP. However, it has been shown using a germ-free zebrafish model that bacterial 396
LPS induce epithelial IAP gene expression and enzymatic activity in a MyD88-dependant manner (3). 397
We can therefore hypothesize that the increased IAP activity in our model results from increased LPS 398 luminal concentration, in line with increased LPS or LBP serum concentrations. 399
400
Changes in the gut barrier function have been described in several animal models of obesity (13, 17, 401 31, 66) and humans (26, 54, 72), yet with some discrepancies (55) and has been suggested to be oneof the cause of elevated endotoxemia. The controlled passage of antigen by the epithelium involves 403 two routes across enterocytes and/or colonocytes depending on the size and charge of antigen. 404 Paracellular permeability refers to the passage of small diameter molecules between adjacent intestinal 405 epithelial cells. This pathway is regulated by junctional complexes including tight junction proteins. 406
Transcellular route refers to the passage of larger molecules via endocytose. DIO has been associated 407 with increased paracellular permeability, along with decreased tight junction protein expression in 408 both humans and animals models (11, 13, 31). Although literature data are scarce, transcellular 409 permeability seems to be similarly increased in response to obesity or WD feeding (27). In our model, 410 paracellular and transcellular permeabilities, evaluated respectively by electric conductance and HRP 411 flux across the mucosa in Ussing chambers were increased in the ileum, but not the caecum of WD-fed 412 rats. Tight junction protein mRNA levels were poorly affected by the diet in both intestinal sections, 413 except for occludin and to a lesser extent claudin-2 mRNA levels in the caecum. It is noteworthy that a 414 direct link between tight junction protein mRNA levels and epithelial permeability cannot be drawn as 415 many factors regulate epithelial permeability, such as expression, localization and phosphorylation of 416 the different tight junction proteins within the cells (9). 417
To our knowledge, our study is the first to evaluate the passage of LPS across the intestinal mucosa 418 using Ussing chambers in an obesity model. LPS flux across the ileum strongly correlated with serum 419 LBP and to a lesser extent serum LPS. Similarly, in a model of pig divergent for food intake and 420 exhibiting differences in serum endotoxemia, Mani et al observed a positive correlation between 421 serum endotoxin concentrations and passage of LPS across ileal, but not colonic, mucosa mounted in 422
Ussing chamber (51). This reinforces the fact that LPS permeability specifically in the ileum could be 423 a key driver of metabolic endotoxemia. The precise mechanisms by which LPS crosses the intestinal 424 epithelium and possible regional variations along the gut remain unknown. According to its size (59), 425 LPS likely crosses IEC through a transcellular pathway rather than a paracellular route. In the small 426 intestine, LPS crosses the enterocytes together with lipid absorption through the chylomicrons 427 pathway in postprandial phases. In a fasted state, it has been suggested that LPS could cross the 428 intestinal epithelium either through enterocytes (4, 50) or mucus emptied-goblets cells (29) via the 429 recently described goblet-cell associated passage (GAP) (38). In our study, we observed a largequantity of mucus in the lumen of WD-fed rats that could result from reduced degradation of mucus 431 and/or recent mucus secretion just before euthanasia. We suggest that this increased presence of mucus 432 within the ileal lumen is due to mucus secretion. Indeed, mucus secretion would result in emptying GC 433 that would not be stained by the PAS/AB staining, in agreement with the reduced number of 434 PAS/AB-stained GC also observed. This possibility is also strengthened by the fact that the number of 435 PAS/AB-stained GC was negatively correlated with luminal mucus presence score (r=-0.770 and -436 0.733 for villi and crypt, respectively, P<0.0001 for both), suggesting a direct inverse relationship 437 between this two phenomena. Moreover, this type of images has already been observed in mice 438 intestine where mucus secretion from GC was induced by leptin (60). Leptinemia is probably 439 increased in our WD-fed animals exhibiting an increased adiposity index compared to C rats and as 440 already demonstrated in the same animal model (27). We therefore speculate that increased ileal 441 mucus secretion and subsequent increased in empty GC might allow LPS crossing through GAP, 442 resulting in elevated LPS flux as observed in Ussing chambers. However, we also observed increased 443 in ileal HRP flux in WD animals suggesting that LPS might also cross the enterocytes through regular 444 transcytosis pathway. Further research is therefore needed to determine which of these mechanisms is 445 the main LPS route of passage in the ileum. In conclusion, our data demonstrate that 6-week WD feeding in rats leads to multiple adaptations of 485 the intestinal mechanisms involved in protection against LPS entry and dissemination within the host. 486
They also highlight that the disrupted ileal barrier function characterized by impairment of mucosa 487 defense mechanisms associated to increased ileal permeability to LPS and probably to an unbalance in 488 the Gram-negative / Gram positive ratio within the gut microbiota is central to the development of 489 metabolic endotoxemia. Therefore, the ileum should be chosen as a target organ for developing 490 efficient strategies to reduce/decrease/blunt metabolic endotoxemia. Another novelty of our study is 491 that by using a pair-feeding procedure we highlighted the fact that the first week hyperphagia under 492 high fat diet might play a role in maintaining long term caecal homeostasis. One limitation of our 493 study is that we did not investigate the mechanisms behind this effect, yet we used this variability to 494 investigate more deeply gut-induced metabolic endotoxemia. Further studies are needed to understand 495 
